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Ab s t ra c t

Th e  p u r p o se  o f t h e se  e xp e r im e n t s  wa s t o  e st im a t e  b a sic  se n sit iv it y  t o
m o t io n  gr a d ien t s, a n d  t o  eva lu a t e  t h e  evid en ce  fo r  seco n d -o r d e r
in t egr a t io n  a n d  d iffe r en t ia t io n  o f m o t io n  sign a ls. We  m ea su r ed  sen sit iv it y
t o  sp a t ia lly  sin u so id a l co n t r a st  m o d u la t io n  b e t ween  t wo  o p p o sit e ly -m o vin g
b a n d p a ss-filt e r ed  n o ise  im a ges. Th e  m o t io n -co n t rast  sen sit iv it y  fu n ct io n ,
d e fin ed  a s t h e  in ve r se  o f t h r e sh o ld  m o d u la t io n  a m p lit u d e  a s a  fu n ct io n  o f
m o d u la t io n  sp a t ia l fr eq u en cy , wa s b a n d -p a ss in  sh a p e  wit h  d eclin e s a t
b o th  h igh est  a n d  lo west  fr eq u en cie s. Th e  fu n ct io n s fo r  t h r ee  n o ise  sp a t ia l
fr e q u e n cie s we r e  a p p r o xim a t e ly  t h e  sa m e  sh a p e  wh e n  m o d u la t io n
fr e q u e n cy  wa s e xp r e sse d  a s a  fr a ct io n  o f t h e  n o ise  fr e q u e n cy . We
co m p a r ed  t h e  d a t a  t o  a  m o d e l in  wh ich  lin ea r  m o t io n  filt e r s, wh o se  o u tp u t s
a r e  sq u a r ed  o r  r ect ified , a r e  fo llo wed  b y  a  seco n d  st a ge  o f excit a t o r y
a n d / o r  in h ib ito r y  p o o lin g. Th e  d a t a  a r e  co n sist en t  with  a  m o d e l in  wh ich  1 )
a ll excit a to r y  p o o lin g o ccu r s a t  t h e  lin ea r  st a ge , a n d  2 )  t h e  seco n d  st a ge
co n ta in s a  la r ge  in h ib it o r y  p o o lin g a r ea , with  a  r a d iu s a b o u t  8  t im es t h a t  o f
t h e  lin e a r  r e ce p t ive  fie ld .
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In tro d u c t io n

Th er e  n o w exist s a  p la u sib le  a n d  r igo r o u s m o d e l fo r  t h e  sen sin g o f
m o t io n  a t  t h e  ea r lie st  leve ls o f t h e  h u m a n  v isu a l sy st em . Th is f ilt e r  m o d e l
co n sist s o f lin ea r , d ir ect io n  se lect ive  filt e r s t h a t  a r e  t u n ed  fo r  sp a t ia l
fr e q u e n cy  1 , 2 . In  o n e  va r ia n t , t h e  o u t p u t s o f t wo  su ch  filt e r s in  q u a d r a t u r e
p h a se  a r e  sq u a r ed  a n d  a d d ed  to  com p u te  a  "m o t ion  en er gy"3, 4 . In  a n o t h e r
va r ia n t , t h e   en e r gie s fo r  o p p o sit e  d ir ect io n s a r e  su b t r a ct ed , t o  fo r m  a n
op p on en t  m ot ion  sign a l5 , 6 . Th e  lin ea r  filt e r  in  ea ch  o f t h ese  m o d e ls h a s a
co r r e sp o n d in g r ecep t ive  fie ld , wit h  a  size  t h a t  is  r e la t ed  t o  t h e  filt e r  sp a t ia l
b a n d wid th . As in  o th e r  "m u lt ip le  ch a n n e l" m o d e ls, t h e  r ecep t ive  fie ld s a r e
th o u gh t  t o  co m e  in  a  r a n ge  o f sizes, with  a  co r r esp o n d in g r a n ge  o f sp a t ia l
fr e q u e n cy  o p t im a . It  is  a ssu m e d  t h a t  t h e se  r e ce p t ive  fie ld s co ve r  t h e
visu a l fie ld , y ie ld in g fo r  e a ch  size  a n  a r r a y  o f r e sp o n ses d ist r ib u t ed  o ve r
sp a ce  a n d  t im e .

Wh ile  t h is m o d e l ca n  a cco u n t  fo r  m a n y  a sp ect s o f t h e  d e t ect io n  o f
m ot ion  a n d  th e  sen sin g o f d ir ect ion  o f m o t ion  7 , 8 , 9 , 10 , 11 , 12 , 13 , it  d oes n o t
d ea l d ir ect ly  wit h  t h e  sen sin g o f sp a t ia l m o t io n  gr a d ien t s. Sen sit iv it y  t o
m o t io n  gr a d ien t s is  o f in t e r e st  fo r  m a n y  r ea so n s. Fir st , t h ey  r ep r e sen t  t h e
n ext  h igh e r  o r d e r  e la b o r a t io n  o f t h e  m o t io n  fie ld  b ey o n d  a  sim p le  u n ifo r m
t r a n sla t io n , a n d  a r e  a  u b iq u ito u s co m p o n en t  o f o u r  v isu a l exp er ien ce .
Secon d , m o t ion  gr a d ien t s a n d  d iscon t in u it ie s a r e  im p or t a n t  cu es in  d e fin in g
th e  b ou n d a r ies o f ob ject s in  m o t ion . Th ir d , m o t ion  gr a d ien t s a r e
fu n d a m e n t a l fo r  se n sin g t h r e e -d im e n sio n a l se lf-m o t io n  a s we ll a s  t h e
th r ee -d im en sio n a l m o t io n  a n d  d ep th  o f o b ject s a n d  su r fa ces 14 , 15 , 16 , 17 .
Th ese  im p o r t a n t  r o le s m a ke  t h e  st u d y  o f m o t io n  gr a d ien t s o f in t e r e st  in  it s
o wn  r igh t , b u t  t h ey  a lso  su ggest  t h a t  t h e r e  m igh t  exist  sp ecia l m ech a n ism s
fo r  d e t ect io n  a n d  est im a t io n  o f sp a t ia l m o t io n  gr a d ien t s.

By  a n a lo gy  to  t h e  p r o cessin g o f lu m in a n ce , we  m igh t  exp ect  su ch
m ech a n ism s to  em p lo y  b a sic o p e r a t io n s su ch  a s sp a t ia l in t egr a t io n  a n d
d iffe r en t ia t io n  o f t h e  o u t p u t s o f t h e  fir st  o r d e r  filt e r s. An d  a lso  b y  a n a lo gy
to  lu m in a n ce , t h e  n a tu r e  o f t h e se  o p e r a t io n s m igh t  b e  r evea led  b y
m e a su r e m e n t  o f a  m o t io n -co n t rast  sen sit iv it y  fu n ct io n . Con sid er  an
a b st r a ct  st im u lu s a s d ep ict ed  in  Fig. 1 .
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Figu r e  1 . A gen e r ic m o t io n -co n t r a st  gr a t in g co n sist in g o f a lt e r n a t in g
st r ip s m o vin g wit h  d iffe r e n t  ve lo cit ie s  v 1  a n d  v 2 . Th e
m o d u la to r  sh o wn  o n  th e  r igh t  co n t r o ls t h e  ve lo city  a t  ea ch
p o in t  in  th e  st im u lu s.

It  sh o ws a n  im a ge  d iv id e d  in t o  a lt e r n a t in g st r ip e s o f t wo  p a r t icu la r
ve lo cit ie s. Th e  ve lo cit ie s a r e  ca r r ied  b y  so m e  sp a t ia l co n t r a st  p a t t e r n ,
p e r h a p s n o ise , wh ich  we  will ca ll t h e  ca r r ie r . At  ea ch  p o in t  in  sp a ce , t h e
ve lo cit y  o f t h e  ca r r ie r  is  d e fin e d  b y  a  m od u lator , t h e  fu n ct ion  d ep icted  to
t h e  r igh t  o f t h e  im a ge . If t h e r e  is  a  m ech a n ism  t h a t  p o o ls filt e r  o u t p u t s
o ve r  a  la r ge  a r e a , t h e n  it  will b e co m e  in se n sit ive  a s t h e  st r ip e s b e co m e
n a r r o w, b eca u se  it  will r e ce ive  eq u a l in p u t  fr o m  b o t h  ve lo cit ie s. Th u s t h e
d eclin e  in  sen sit iv it y  wit h  in cr ea sin g m o d u la t o r  fr eq u en cy  is  a  m ea su r e  o f
t h e  p o o lin g o r  in t egr a t in g b eh a vio r  o f h igh e r -leve l m ech a n ism s. Th is is  a
clo se  a n a lo g to  t h e  u se  o f lu m in a n ce  co n t r a st  sen sit iv it y  fu n ct io n s t o  d e fin e
t h e  size  o f lu m in a n ce -co n t r a st  r ecep t ive  fie ld s. Fo r  t h is r ea so n , we  ca ll su ch
gen e r ic fu n ct io n s m o t io n -co n t r a st  sen sit iv it y  fu n ct io n s. To  p u r su e  t h e
a n a lo gy  fu r t h e r , if t h e  h igh e r -le ve l m e ch a n ism  sp a t ia lly  d iffe r e n t ia t e s t h e
o u t p u t s o f fir st  o r d e r  filt e r s , we  wo u ld  e xp e ct  se n sit iv it y  t o  d e clin e  a t  t h e
b r o a d est  st r ip e  wid t h s ( lo west  m o d u la t in g fr eq u en cie s) .

An  e a r ly  u se  o f a  p e r io d ic m o t io n -co n t r a st  s t im u lu s wa s t h a t  o f va n
Door n  an d  Koen d er in k 18 . Th ey  u sed  a lt e r n a t in g st r ip e s o f sp a t ia l wh it e
n o ise  m o vin g wit h  r e sp e ct ive  ve lo cit ie s  v 1  a n d  v 2  , ve iled  b y  so m e  a m o u n t
o f u n co r r e la t ed  d y n a m ic wh it e  n o ise . Wh en  v 1  a n d  v 2  we r e  o p p o sit e  t o
ea ch  o th e r  a n d  o r th ogon a l t o  th e  b o r d er  (com p r ession ) , sen sit iv ity  d eclin ed
sy st em a t ica lly  a t  h igh e r  m o d u la t in g fr eq u en cie s, t y p ica lly  fa llin g fr o m  it s
p ea k  b y  a  fa cto r  o f fo u r  a t  a r o u n d  3  cy cle s/ d eg.

Th e  va n  Door n  a n d  Koen d er in k  st im u lu s m a y  b e  th ou gh t  o f a s on e  in
wh ich  t h e r e  a r e  t wo  n o ise  im a ge s, wit h  ve lo cit ie s  v 1  a n d  v 2  , wh o se
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co n t r a st s a r e  d e t e r m in ed  b y  t h e  m o d u la t o r . An  a lt e r n a t ive  a p p r o a ch  t a ken
b y  Na ka y a m a  a n d  Ty le r 19  is  t o  u se  a  m o d u la t o r  t h a t  d e t e r m in es t h e
v e lo cit y  o f in d ivid u a l r a n d om  d o t s. Usin g a  sin u so id a l m od u la to r , t h ey
m ea su r ed  m o d u la t io n  a m p litu d e  d e t ect io n  th r esh o ld s fo r  m o t io n  p a r a lle l t o
th e  b o r d e r  ( sh ea r )  a t  va r io u s m o d u la t io n  fr eq u en cie s. He r e  a lso , sen sit iv it y
d eclin ed  with  in cr ea sin g m o d u la t io n  fr eq u en cy , a ga in  fa llin g fr o m  it s p ea k
b y  a  fa ct o r  o f fo u r  a t  a b o u t  3  cy cle s/ d e g. La t e r  e xp e r im e n t s wit h
co m p r essive  m o t io n  sh o wed  a  m u ch  slo wer  d eclin e 20 , a  p o in t  t o  wh ich  we
will r e t u r n  in  t h e  d iscu ssio n .

Wh ile  q u it e  d iffe r e n t  in  d e t a il, b o t h  t h e se  e xp e r im e n t s m a y  t e ll u s
som eth in g a b ou t  p oo lin g o f m o t ion  sign a ls. In  p a r t icu la r , b o th  a p p ea r  to
su ggest  p o o lin g o ve r  a n  a r ea  o f r o u gh ly  1 / 3  d egr ee . Bu t  h o w ca n  we  t e ll
wh e t h e r  t h is is  p o o lin g a t  a  h igh e r  leve l, o r  p o o lin g wit h in  t h e  lin ea r  ea r ly
filt e r  m ech a n ism s? Fig. 2  illu st r a t e s t wo  p o ssib le  sit e s o f sp a t ia l p o o lin g.
Ea r ly  lin e a r  m e ch a n ism s, wit h  so m e  sp a t ia l e xt e n t , fe e d  a  la t e r  st a ge  o f
n o n lin ea r  p o o lin g, with  a  la r ge r  ext en t . Th e  la t e r  p o o lin g m u st  b e
n on lin ea r , o r  it  cou ld  n o t  b e  d ist in gu ish ed  fr om  th e  ea r ly  lin ea r  p oo lin g,
a n d  m u st  b e  o f la r ge r  ext en t , sin ce  it  in co r p o r a t e s t h e  p o o lin g fr o m  th e
e a r lie r  le ve l.

Σ |ri|2

Linear extent
Non-linear extent

Linear units

Non-linear unit

r1 r2 rn

Figu r e  2 . Two  ty p es o f p o o lin g o f m o t io n  sign a ls. Ea r ly  lin ea r  u n it s p o o l
o ve r  a  sm a ll ext en t , la t e r  n o n -lin ea r  u n it s  p o o l o ve r  a  la r ge r
e xt e n t .

Th e  exp e r im en t s d e scr ib ed  a b o ve  ca n n o t  d ist in gu ish  b e t ween  t h e se
t wo  t y p es o f p o o lin g. Th e  t h eo r y  o f e a r ly  lin ea r  filt e r s a ssu m es a  b a n k  o f
filt e r s  d iffe r in g in  p r e fe r r e d  sp a t ia l fr e q u e n cy , a n d  wit h  r e ce p t ive  fie ld
size s in ve r se ly  p r o p o r t io n a l t o  fr eq u en cy . Beca u se  t h e  p r evio u s
exp e r im en t s u sed  b r o a d b a n d  wh it e  n o ise  o r  r a n d o m  d o t s, t h ey  st im u la t ed
t h e  fu ll r a n ge  o f fr eq u en cy -t u n ed  m ech a n ism s, a n d  h en ce  we  ca n n o t  sa y
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wh ich  lin e a r  m e ch a n ism , wit h  wh ich  r e ce p t ive  fie ld  size , wa s r e sp o n sib le
fo r  t h e  p sy ch o p h y sica l ju d gm en t . He r e  we  p r o p o se  a  m e th o d  t h a t  will
a llo w u s t o  se le ct  wh ich  sp a t ia lly  t u n e d  filt e r  is  o p e r a t ive . Th is will a llo w
u s t o  co m p a r e  t h e  sp a t ia l ext en t  o f p o o lin g in fe r r ed  fr o m  m o t io n -co n t r a st
se n sit iv it y  m e a su r e m e n t s t o  t h e  sp a t ia l e xt e n t  o f t h e  p u t a t ive  lin e a r  filt e r .
Th is in  t u r n  will r evea l t h e  ext en t  o f a n y  su b seq u en t  n o n -lin ea r  p o o lin g.

Th e  key  t o  o u r  t e ch n iq u e  is  t h e  u se  o f b a n d p a ss filt e r ed  sp a t ia l n o ise
a s t h e  ca r r ie r . By  se t t in g t h e  p ea k  fr eq u en cy  o f t h is n o ise  t o  a  p a r t icu la r
va lu e , we  t a r ge t  a  p a r t icu la r  size  o f m o t io n  filt e r . Th e  fir st  st ep  in  t h e
cr ea t io n  o f o u r  st im u li is  t o  gen e r a t e  two  su ch  b a n d p a ss n o ise  im a ges,
wh ich  we  will ca ll c1  a n d  c2 . Th e  seco n d  st ep  is t o  se t  b o th  im a ges in
m o t io n , wit h  r e sp ect ive  ve lo cit ie s v 1  a n d  v 2 . In  a ll o f t h e  e xp e r im e n t s
r ep o r t ed  h e r e  t h e  t wo  n o ise  fie ld s m o ve  wit h  eq u a l sp eed  in  o p p o sit e
d ir ect ion s, (v 2=-v 1 .) . Th e  th ir d  st ep  is t o  cr ea t e  a  p a ir  o f m o d u la to r s, m 1
a n d  m 2 . Th ese  a r e  o n e -d im en sio n a l fu n ct io n s t h a t  will m u lt ip ly  t h e
co n t r a st s o f c1  a n d  c2 , r e sp e ct ive ly , a lo n g t h e ir  ve r t ica l d im e n sio n s.  It  is
im p o r t a n t  t o  n o t e  t h a t  wh ile  t h e  n o ise  fie ld s c1  a n d  c2  m o ve , t h e
m od u la to r s m 1  a n d  m 2  a r e  st a t io n a r y  (with  o cca sio n a l n o ted  excep t io n s) .
Figu r e  3 A sh o ws exa m p le s o f sin u so id a l m o d u la t o r s a t  m o t io n -co n t r a st s o f
1  a n d  0 .5 . Th e  sin u so id a l m o d u la to r  h a s t h e  v ir t u e  t h a t , u n like  t h e  sq u a r e
wa ve  u sed  b y  Ko en d e r in k  a n d  va n  Do o r n , it  will n o t  d ist o r t  t h e  sp a t ia l
fr eq u en cy  o f t h e  n o ise  p a t t e r n  u n t il r e la t ive ly  h igh  m o d u la t io n  fr eq u en cie s
a r e  r ea ch ed . Aft e r  m u lt ip lica t io n  b y  t h e  m o d u la to r , c1  a n d  c2  a r e  a d d e d
t o ge t h e r , t h e ir  su m  is m u lt ip lied  b y  a  Ga u ssia n  t em p o r a l win d o w w t( )  t o
en su r e  gr a d u a l o n se t  a n d  o ffse t , a n d  t h e  r e su lt in g co n t r a st  im a ge  it se lf
m o d u la t e s t h e  lu m in a n ce  o f t h e  d isp la y . Th e  ty p ica l a p p ea r a n ce  a t  h igh
m o t io n -co n t r a st  is o f a lt e r n a t in g h o r izo n ta l st r ip es o f o p p o sit e ly  m o vin g
sp a t ia l n o ise . At  ze r o  m o t io n -co n t r a st , o n e  sees e it h e r  a  fo r m  o f d y n a m ic
sp a t ia l n o ise , o r  p e r h a p s t r a n sp a r en t  slid in g o f t wo  o t h e r wise  u n st r u ct u r ed
su p e r im p o sed  n o ise  im a ges. Th e  t a sk  o f t h e  o b se r ve r  is  t o  d ist in gu ish
b e t ween  a  st im u lu s wit h  ze r o  m o t io n -co n t r a st  a n d  o n e  wit h  n o n -ze r o
m o t io n -co n t r a st .
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Figu r e  3 . Mod u la t in g fu n ct ion s m 1  (so lid  lin es)  a n d  m 2  (d a sh ed  lin es) .
Mo t io n -co n t r a st s o f 1  a n d  0 .5  a r e  sh o wn . Mo d u la t io n  fr eq u en cy
is 2  cy cle s/ im a ge . A)  co n st a n t  p ea k  co n t r a st ; B)  co n st a n t
va r ia n ce .

Th ese  t wo  m o d u la t o r s in  Fig. 3 A a r e  d e sign ed  t o  keep  t h e  p ea k
lu m in a n ce  con t r a st  con sta n t  (m1 +m2 = 1)  e ve r y wh e r e  in  t h e  im a ge ,
r ega r d le ss o f t h e  m o t io n -co n t r a st . Th is is  in t en d ed  t o  fo r ce  t h e  o b se r ve r  t o
u se  m o t io n  gr a d ien t s, r a th e r  t h a n  gr a d ien t s in  t h e  lu m in a n ce  co n t r a st ,
wh ich  a r e  ze r o  e ve r y wh e r e . Ho we ve r , if we  r e ca ll t h a t  e a ch  p ixe l in  c1  a n d
c2  is  d r a wn  fr o m  a  p r o b a b ilit y  d ist r ib u t io n  wit h  so m e  va r ia n ce  2σ , t h e n  we
r ea lize  t h a t  a  p ixe l in  t h e  co m p o sit e , wit h  a  va lu e  1m 1c + 2m 2c , will h a ve  a
va r ia n ce  2σ 1

2m + 2
2m( ). If p e r ce ived  co n t r a st  d ep en d s m o r e  n ea r ly  u p o n  lo ca l

co n t r a st  va r ia n ce  th a n  u p o n  lo ca l p ea k  co n t r a st , t h en  th e  m o d u la to r s in  3 A
will p r o d u ce  p e r cep t ib le  st r ip e s in  st a t ic  fr a m es o f t h e  st im u lu s. In  fa ct ,
su ch  st r ip e s a r e  v isib le . Fo r  t h is r ea so n , we  u sed  t h e  m o d u la t o r s sh o wn  in
Fig. 3 B, wh ich  a r e  sim p ly  t h e  sq u a r e  r o o t s o f t h o se  sh o wn  in  3 A. It  is
ev id en t  t h a t  t h e se  will keep  t h e  lo ca l co n t r a st  va r ia n ce  co n st a n t , a n d
in d e e d  n o  st r ip e s we r e  v isib le  in  in d iv id u a l st a t ic  fr a m e s o f t h e  st im u li.
No t e  t h a t  wh en  t h e  m o t io n -co n t r a st  is  b e lo w a b o u t  0 .5 , sin e  a n d  sq u a r e
r o o t  o f sin e  a r e  q u it e  sim ila r , so  fo r  m o st  p u r p o ses t h e  m o d u la to r s m a y  b e
t h o u gh t  o f a s sin u so id a l, a n d  we  will d e scr ib e  t h em  a s su ch  b e lo w.

St im u li co n st r u ct ed  with  t h e  m o d u la to r s in  Fig. 3  h a ve  fo u r
p a r a m e t e r s o f p a r t icu la r  in t e r e st : t h e  ca r r ie r  fr eq u en cy  f c , eq u a l t o  t h e
p ea k  r a d ia l sp a t ia l fr eq u en cy  o f t h e  iso t r o p ic b a n d p a ss filt e r ed  n o ise ; v 1  ,
t h e  ve lo cit y  o f o n e  n o ise  im a ge  ( t h e  o t h e r  wa s a lwa y s v 2=-v 1) ; th e
m od u la t ion  fr eq u en cy , f m ; a n d  th e  m od u la t ion  a m p litu d e , o r  m o t ion -
con t r a st  m . No t e  t h a t  t h e  m o d u la t o r s we r e  a lwa y s ve r t ica l (h o r izo n t a l
st r ip e s) . As n o t e d  a b o ve , t h e  t a sk  o f t h e  o b se r ve r  is  t o  d ist in gu ish  b e t we e n
ze r o  a n d  n o n -ze r o  m o t io n -co n t r a st  st im u li. With  a ll o th e r  p a r a m e te r s fixed ,
m ea su r in g su ch  th r e sh o ld s a s a  fu n ct io n  o f t h e  m o d u la t io n  fr eq u en cy  will
d e fin e  a  m o t io n -co n t r a st  sen sit iv it y  fu n ct io n . In  t h e  fo llo win g exp e r im en t s,
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we co llect ed  su ch  fu n ct io n s fo r  a  r a n ge  o f ve lo cit ie s a n d  ca r r ie r
fr e q u e n cie s.
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St im u li

To  cr ea t e  sa m p les o f iso t r o p ic sp a t ia l n o ise  with  a  p a r t icu la r  r a d ia l
sp a t ia l fr eq u en cy  b a n d wid t h  we  d e fin ed  a  "Ga u ssia n  r in g" filt e r , given  b y
th e  con vo lu t ion  in  th e  fr eq u en cy  d om a in  o f a  Ga u ssia n  o f a  p a r t icu la r
sp a t ia l sca le  a n d  a  r in g im p u lse  fu n ct io n  o f a  ce r t a in  d ia m e te r . In  t h e  sp a ce
d o m a in , t h e  ke r n e l o f t h is filt e r  is  t h e  p r o d u ct  o f a  Ga u ssia n  a n d  a  Besse l
fu n ct ion :

g x( ) = J0 2π f c x[ ] exp −π x / s( )2[ ] (1 )

wh e r e  x  (sp a t ia l coo r d in a te ) , a n d  s  ( sca le )  a r e  in  d egr ees, a n d  f c  is  in
cy cle s/ d e gr e e . We  u se d  a  sca le  su fficie n t  t o  y ie ld  a  o n e -d im e n sio n a l h a lf-
a m p lit u d e  fu ll b a n d wid t h  o f o n e  o ct a ve , a s given  b y  t h e  fo r m u la

s = fc
−1 2b +1

2b −1
Log 2( ) / π (2 )

wh e r e  b   is  t h e  b a n d wid t h  in  o ct a ve s. We  u se d  a  va lu e  o f b   =1  octa ve .

A Discr e t e  Fo u r ie r  Tr a n sfo r m  (DFT)  o f t h e  ke r n e l wa s u sed  t o  filt e r
t h e  n o ise  sa m p le s. Th e  n o ise  sa m p le s we r e  d r a wn  fr o m  a  u n ifo r m
d ist r ib u t io n  wit h  a  r a n ge  o f {-1 ,1 }.

Th e  o ve r a ll lu m in a n ce  co n t r a st  o f t h e  st im u li wa s co n t r o lled  b y  a
Ga u ssia n  t em p o r a l win d o w:

w t( ) = cgexp −π t / d( )2( ) (3 )

wh e r e  c  is  t h e  p ea k  lu m in a n ce  co n t r a st  o f t h e  st im u lu s, a n d  g  is  a
co n st a n t  eq u a l t o  t h e  in ve r se  o f h a lf t h e  la r gest  m a gn it u d e  in  e it h e r  o f t h e
n o ise  im a ges. Un le ss o t h e r wise  n o t ed , t h e  t im e  sca le  wa s d = 2 6 7  m sec (1 6
fr a m es) . Th e  co m p le t e  st im u lu s wa s 5 3 3  m sec (3 2  fr a m es) .

Th e  sp a t ia l m o d u la t io n  o f m o t io n  wa s a cco m p lish ed  b y  a  p a ir  o f
m od u la t in g fu n ct ion s:

m1 y( ) =
1
2

1 +msin 2π mf y( )[ ] 
 
 

 
 
 

1/2

(4 )

m2 y( ) =
1
2

1 −msin 2π mf y( )[ ] 
 
 

 
 
 

1/2

= 1− m1
2 y( ){ }1/2

(5 )
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wh e r e  f m  is  t h e  m o d u la t io n  fr eq u en cy  in  cy cle s/ d eg, m  is  t h e
m o t io n -co n t r a st  in  t h e  r a n ge  {0 ,1 }, a n d  y   is  ve r t ica l p o sit io n  wit h in  t h e
im a ge  in  d egr ees. Fo r  t h e  sp ecia l ca se  o f f m  =0 , t h e  s in e  wa s r e p la ce d  wit h
a  co n st a n t  va lu e  o f 1 . If we  wr it e  c1  a n d  c2  fo r  t h e  t wo  n o ise  im a ges, t h en
t h e  co m p le t e  st im u lu s ca n  b e  wr it t en

L x,t( ) = 0L 1+ wt t( ) m1 y( )c1 x − tv( ) +m2 y( )c2 x + tv( )[ ]{ } (6 )

wh e r e  L0    is  t h e  m ea n  lu m in a n ce , v  is  t h e  ve lo cit y  o f im a ge  m o t io n ,
a n d  wh e r e  t h e  n o ise  im a ges wr a p -a r o u n d  ( t h e  co o r d in a t e s in  x  a r e
in t e r p r e t ed  m o d u lo  t h e  h e igh t  a n d  wid th  o f t h e  im a ge) .

Two  su cce ssive  fr a m e s fr o m  o n e  st im u lu s a r e  p r e se n t e d  a s a  s t e r e o
p a ir  in  Fig. 4 . Fo r  t h o se  a b le  t o  fr ee -fu se , t h is sh o u ld  a p p ea r  a s a  sin u so id a l
co r r u ga t ion  in  d ep th .

Figu r e  4 . Two  su ccessive  fr a m es fr o m  a  st im u lu s seq u en ce . Th e
m o d u la t io n  fr eq u en cy  f m  wa s 2  cy cle s/ im a ge , a n d  t h e  m o t io n
wa s h o r izo n t a l ( sh ea r )  a t   v1   =1  p ixe l/ fr a m e . Th e  ca r r ie r
fr e q u e n cy  f c  wa s 3 2  cy cle s/ im a ge , t h e  im a ge  wid t h  is  1 2 8
p ixe ls .

To  p r e se r ve  t h e  sp ect r a l p u r it y  o f t h e  st im u li, t h e  m o d u la t o r
fr eq u en cy  m u st  b e  a p p r ecia b ly  lo wer  t h a n  t h e  ca r r ie r  fr eq u en cy . Wit h  o u r
o n e  o ct a ve  sp a t ia l b a n d wid th , t h e  d isto r t io n  p r o d u ct s (a t  f c  -f m  a n d  f c  + f m  )
a r e  n egligib le  p r o vid ed  t h a t  f m  / f c   < 1  / 2 , wh ich  we  en su r ed .
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Th e  st im u li we r e  co m p u t e d  in  a d va n ce  a s b r ie f m o vie s o f 1 6  fr a m e s
d u r a t io n  wit h  ea ch  fr a m e  1 2 8 2  p ixe ls in  size . Ea ch  fr a m e  co u ld  b e
d isp la y ed  a  n u m b er  o f t im es (d t )  o n  o u r  6 0  Hz d isp la y . Fo r  m o st  o f o u r
d a t a , we  u sed  d t =2  (3 0  Hz) . Th is u p d a t e  r a t e  wa s se lect ed  a s t h e  b e st
co m p r o m ise  b e t ween  m em o r y  r eq u ir em en t s a n d  t em p o r a l a lia sin g. Wit h
t h e  sp a t ia l a n d  t em p o r a l p a r a m e t e r s u sed , lit t le  t em p o r a l a lia sin g wa s
exp ect ed  o r  o b se r ved .

Th e  s t im u li we r e  s t o r e d  in  t h e  im a ge  m e m o r y  o f a  PIXAR II d isp la y
sy st em . Th e  1 0  b it  co lo r  lo o k -u p  t a b le s we r e  u sed  t o  lin ea r ize  t h e  d isp la y 21

(so ft wa r e  e ffe ct ive ly  r e d u ce d  t h e  size  o f t h e  lo o k -u p  t a b le  t o  5 1 2  e n t r ie s) .
Th e  st im u li su b t en d ed  4  d egr ee s in  t h e  cen t e r  o f a n  o t h e r wise  d a r k  scr een ,
a n d  we r e  v iewed  b in o cu la r ly  wit h  n a t u r a l p u p ils  fr o m  a  d ist a n ce  o f 4 8 .6
cm  (d isp la y  r e so lu t io n  wa s 3 7 .6  p ixe ls/ cm ) . Be t we e n  t r ia ls  t h e  scr e e n  wa s
kep t  a t  t h e  m ea n  lu m in a n ce  o f 4 0  cd / m 2 . A sm a ll d a r k  cen t r a l fixa t io n
p o in t  wa s p r e se n t  a t  a ll t im e s.

Pro c e d u re s

Ea ch  2 AFC t r ia l co n sist ed  o f two  t em p o r a l in t e r va ls ea ch  co n ta in in g a
st im u lu s p r e sen t a t io n ; in  o n e , t h e  m o t io n -co n t r a st  wa s 0 , in  t h e  o th e r  it
wa s n o n -ze r o . We  ca ll t h e se  n u ll a n d  sign a l, r e sp ect ive ly . Th e  o b se r ve r
a t t em p ted  t o  se lect  t h e  in t e r va l co n t a in in g t h e  sign a l. A QUEST st a ir ca se  22

o f 6 4  t r ia ls, a n d  su b seq u en t  fit t in g b y  a  Weib u ll fu n ct io n  23  we r e  u se d  t o
fin d  t h e  m o t io n -co n t r a st  y ie ld in g 8 2 % co r r ect . Sen sit iv it y  is  d e fin ed  a s t h e
in ve r se  o f t h is m o t io n -co n t r a st  t h r e sh o ld . Ty p ica lly  t h r ee  r ep lica t io n s we r e
o b ta in ed  fo r  ea ch  th r esh o ld . Two  o b se r ve r s ( t h e  a u th o r s)  t o o k  p a r t . Th e
d ir ect io n  o f m o t io n  wa s r eve r sed  o n  a  r a n d o m  h a lf o f t h e  t r ia ls. Th is m ea n s
th a t  fo r  a  co m p r essio n  st im u lu s a t  a  given  b o r d e r  (a n t in o d e  o f t h e
m o d u la to r )  t h e  two  n o ise  fie ld s m igh t  b e  m o vin g to wa r d  (o cclu sio n )  o r
a wa y  (d is-o cclu sio n )  fr o m  ea ch  o t h e r . Th e  m o d u la t o r s we r e  a lwa y s
a r r a n ged  to  b e  in  sin e  p h a se  (a t  a n  a n t in o d e )  a t  t h e  cen t e r  o f t h e  d isp la y ,
a n d  t h e  o b se r ve r s  we r e  a wa r e  o f t h is .

Re s u lt s

Pr e lim in a r y  d a t a  a t  a  lu m in a n ce  co n t r a st  o f 1 .0  sh o wed  e r r a t ic
p e r fo r m a n ce . Even t u a lly  t h is wa s a t t r ib u t ed  t o  t h e  gen e r a t io n  o f st r o n g
m o t io n  a ft e r e ffect s lo ca lized  t o  t h e  st r ip es in  t h e  m o t io n -co n t r a st  st im u lu s.
Th is lea d  to  t h e  a p p ea r a n ce  o f "sign a l" in  b o th  sign a l a n d  b la n k  in t e r va ls.
To  r ed u ce  t h is p r o b lem , t h e  r em a in in g d a t a  wer e  co llect ed  wit h  t h e  ca r r ie r
a t  8  t im es it s d e t ect io n  t h r e sh o ld . Fo r  t h is p u r p o se , we  b ega n  b y  co llect in g
lu m in a n ce  con t r a st  t h r esh o ld s.
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Lu m in an ce  Con t rast  T h resh o ld s

Lu m in a n ce  co n t r a st  d e t ect io n  t h r e sh o ld s wer e  co llect ed  wit h  a  2 AFC
QUEST st a ir ca se . Th e  o b se r ve r  se lect ed  b e tween  a  b la n k  (ze r o  lu m in a n ce
co n t r a st )  a n d  a  st im u lu s with  ze r o  m o t io n -co n t r a st  b u t  n o n -ze r o  lu m in a n ce
co n t r a st . Resu lt s a r e  sh o wn  in  Fig. 5 .
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Figu r e  5 . Lu m in a n ce  co n t r a st  sen sit iv it y  fo r  n o ise  ca r r ie r s. Mo t io n  wa s
h o r izo n t a l ( filled  sy m b o ls)  o r  ve r t ica l (o p en  sy m b o ls) . Viewin g
d ist a n ce  wa s  4 8 .6  o r  9 7 .2  cm , r e su lt in g in  im a ge  size s o f 4
( la r ge  sy m b o ls)  o r  2  d eg (sm a ll sy m b o ls) . Up d a t e  in t e r va l (d t )
wa s 1 , 2 , o r  4  fr a m es, r e su lt in g in  sp eed s o f 1 .8 7 5  (cir cle s) ,
0 .9 3 8  (sq u a r es) , a n d  0 .4 6 9  d eg/ sec ( t r ia n gles) . Th e  legen d
n o ta t ion  is (d ir ect ion  size  d t ) .

De t ect io n  t h r e sh o ld s wer e  co llect ed  a t  t wo  v iewin g d ist a n ces (4 8 .6
a n d  9 7 .2  cm ), with  co n seq u en t  im a ge  sizes o f 4  a n d  2  d eg. Th e  n u m b er  o f
t im es ea ch  m o vie  fr a m e  wa s exp o sed  (d t )  wa s 1 , 2 , o r  4 . Co m b in ed  wit h  a
fixed  im a ge  d isp la cem en t  o f 1  p ixe l/ fr a m e , t h is  r e su lt ed  in  im a ge  ve lo cit ie s
o f 1 .8 8 , 0 .9 4 , a n d  0 .4 7  d eg/ sec, a n d  win d o w t im e  co n st a n t s o f 1 3 3 , 2 6 7 ,
a n d  5 3 3  m sec, r e sp ect ive ly . Th e  d a t a  sh o w t h e  t y p ica l e ffect  o f sp a t ia l
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fr eq u en cy  u p o n  sen sit iv it y . Oth e r  e ffect s, o f im a ge  size , ve lo cit y , a n d
d u r a t ion , a r e  m or e  m od est .

M o t io n -co n t rast  T h resh o ld s

Mo st  o f o u r  m o t io n -co n t r a st  t h r e sh o ld s wer e  co llect ed  a t  |v 1 | = 0 .9 4
d eg/ sec (d t=2 ) , with  v 2=-v 1 . Th e  m o d u la to r  wa s a lwa y s ve r t ica l (h o r izo n t a l
st r ip es) , a n d  m o t io n  wa s e it h e r  ve r t ica l (co m p r essio n )  o r  h o r izo n ta l
( sh ea r ) . Im a ge  size  wa s u su a lly  4  d eg (v iewin g d ist a n ce  = 4 8 .6  cm ) . Ca r r ie r
fr eq u en cy  wa s 2 , 4 , o r  8  cy cle s/ d eg. Fo r  ea ch  ca r r ie r , lu m in a n ce  co n t r a st
wa s se t  t o  e igh t  t im es t h e  d e t ect io n  t h r e sh o ld .
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Figu r e  6 Mo t io n -co n t r a st  sen sit iv it y  fu n ct io n s fo r  co m p r essio n  a n d
sh e a r  fo r  o b se r ve r  ABW. Th e  n u m b e r  n e a r  e a ch  cu r ve  in d ica t e s
th e  ca r r ie r  fr eq u en cy . Da ta  fo r  f m  =0  a r e  p lo t t ed  a t  -0 .9 . Er r o r
b a r s  a r e  ± SE.
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Figu r e  7 Mo t io n -co n t r a st  sen sit iv it y  fu n ct io n s fo r  co m p r essio n  a n d
sh ea r  fo r  o b se r ve r  MPE. Ot h e r  d e t a ils  a s in  Fig. 6 .

Figu r e s 6  a n d  7  sh o w m o t io n -co n t r a st  sen sit iv it y  fu n ct io n s fo r
co m p r essio n  a n d  sh ea r  fo r  b o th  o b se r ve r s. In  t h ese  a n d  su cceed in g figu r e s,
t h e  d a t a  fo r  f m  =0  a r e  p lo t t e d  a t  -0 .9 . Th e  p e a k  se n sit iv it ie s a r e  r a t h e r  lo w,
n eve r  gr ea t e r  t h a n  1 0 . Fo r  ea ch  ca r r ie r  fr eq u en cy , t h e  d a t a  sh o w a  d eclin e
in  sen sit iv it y  a t  t h e  h igh e r  m o d u la t io n  fr eq u en cie s. Th e  lo ca t io n  o f t h is
d eclin e  d ep en d s st r o n gly  u p o n  th e  ca r r ie r  fr eq u en cy .
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Figu r e  8 . Mo t io n -co n t r a st  se n sit iv it y  a ve r a ge d  o ve r  t h e  t wo  o b se r ve r s .
Th e  legen d  in d ica t es sh ea r  (o p en  sy m b o ls)  o r  co m p r essio n
(filled  sy m b o ls)  a n d  t h e  ca r r ie r  fr eq u en cy .

Sin ce  Figs. 6  a n d  7  sh o w lit t le  sy st e m a t ic  d iffe r e n ce  b e t we e n
o b se r ve r s, in  Fig. 8  we  p lo t  b o th  sh ea r  a n d  co m p r essio n , a ve r a ged  a cr o ss
o b se r ve r s, t o  a llo w ea sie r  co m p a r iso n . Ne it h e r  is  t h e r e  m u ch  sy st em a t ic
d iffe r en ce  b e t ween  sh ea r  a n d  co m p r essio n , excep t  a n  o ve r a ll d e ficit  fo r
co m p r e ssio n  r e la t ive  t o  sh e a r  a t  t h e  lo we st  ca r r ie r  fr e q u e n cy .

Th e  d ep en d en ce  u p o n  ca r r ie r  fr eq u en cy  su ggest s t h a t  p e r fo r m a n ce
m a y  b e  "sca le  in va r ia n t ", in  t h e  sen se  t h a t  t h e  fa ll-o ff in  sen sit iv it y  o ccu r s
a t  a  fixed  r a t io  o f f m  / f c  . Th is is co n fir m ed  gr a p h ica lly  in  Fig. 9  wh ich
sh o ws t h e  d a t a  in  Fig. 8 , a ve r a ged  o ve r  sh ea r  a n d  co m p r essio n . Th e  d a t a
fo r  ca r r ie r  fr e q u e n cie s o f 2  a n d  4  cy cle s/ d e g h a ve  b e e n  sh ift e d  ve r t ica lly
b y  a  sm a ll a m o u n t s (0 .2   a n d  0 .1 1  r e sp ect ive ly ) , a n d  h o r izo n t a lly  b y
a p p r o p r ia t e  fa ct o r s o f t wo  so  t h a t  t h e  h o r izo n t a l a xis m a y  n o w b e  la b e led
f m  / f c   ( t h e  d a t a  a t  f m  =0 , p lo t t ed  a t  -1 .8 , a r e  o f co u r se  n o t  sh ift ed ) . Th e
a gr eem en t  a m o n g t h e  sh ift ed  cu r ves, p a r t icu la r ly  a t  t h e  h igh e r
fr eq u en cie s, su ggest s t h a t  t h e  seco n d  o r d e r  p o o lin g a r ea , wh a t eve r  it s
p r ecise  d im en sio n s, is  a  fixed  m u lt ip le  o f t h e  fir st  o r d e r  lin ea r  p o o lin g a r ea .
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Figu r e  9 . Ave r a ge  m o t io n -co n t r a st  se n sit iv it y  fu n ct io n s sh ift e d  t o
illu st r a t e  sca le -in va r ia n ce . Er r o r  b a r s  a r e  ± 1  SE.

Th e  n eed  fo r  ve r t ica l sh ift s  is  a  d ep a r t u r e  fr o m  st r ict  sca le
in va r ia n ce , excep t  t h a t  t h e  im a ge  wa s o f co n st a n t  size , r a t h e r  t h a n  a  fixed
n u m b er  o f cy cle s o f t h e  ca r r ie r  fr eq u en cy , a s wo u ld  b e  r eq u ir ed  t o  t e st
st r ict  sca le  in va r ia n ce . We  co n jectu r e  t h a t  en la r gin g a p p r o p r ia t e ly  t h e  size
o f t h e  lo we r  ca r r ie r  fr e q u e n cie s wo u ld  r e m o ve  t h e  n e e d  fo r  ve r t ica l sh ift s .

Model

To  a sse ss t h e  r e la t ive  co n t r ib u t io n s o f fir st  a n d  seco n d -st a ge  p o o lin g
we  h a ve  d eve lo p ed  a  m o d e l o f m o t io n -co n t r a st  d e t ect io n . An  o u t lin e  o f t h e
m o d e l is sh o wn  in  Fig. 1 0 .

up

down

- template
matchpool

• or •
2

• or •
2

Figu r e  1 0 . Sch em a t ic o f t h e  m o t io n -co n t r a st  d e t ect io n  m o d e l.

Th e  fir st  st a ge  o f t h e  m o d e l co n sist s o f lin ea r  d ir ect io n  se lect ive
filt e r s fo r  u p wa r d  a n d  d o wn wa r d  m o t io n 1, 2 . Th e  sp a t ia l filt e r  em p lo y ed
wa s a  Ga u ssia n  in  fr eq u en cy  cen t e r ed  a t  t h e  ca r r ie r  fr eq u en cy  f c  , wit h  a n
o r ien t a t io n  m a tch ed  to  t h a t  o f ca r r ie r  m o t io n , a n d  with  a  b a n d wid th  o f 1 .4
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o ct a ves. Th e  t em p o r a l filt e r  em p lo y ed  wa s a  d iffe r en ce  o f Ga m m a
fu n ct io n s wit h  p a r a m e t e r s o f n 1  =9 , n 2  =1 0 , t  =0 .0 0 5  sec, k   =1 .3 3 , z  =1 .0 , in
th e  n o ta t io n  o f Wa t so n  (1 9 8 6 )24  . Th ese  p a r a m e t e r s a r e  r o u gh ly
a p p r o p r ia t e  fo r  h u m a n  t em p o r a l co n t r a st  sen sit iv it y  a t  t h e  exp e r im en t a l
m ea n  lu m in a n ce .

Th e  in p u t s t o  t h e  m o d e l a r e  a ctu a l seq u en ces o f d igit a l im a ges,
id en t ica l t o  t h e  a ct u a l st im u li excep t  t h a t  t h ey  a r e  o n e  q u a r t e r  t h e  size
(6 4 2  p ixe ls)  a n d  t h a t  t h e  n o ise  sa m p les a r e  d iffe r en t . Th e  o u tp u t  o f t h e
fir st  st a ge  is two  seq u en ces, o n e  fo r  u p  a n d  o n e  fo r  d o wn . Th e  m o t io n
filt e r s we  u se  in co r p o r a t e  b o th  "even " a n d  "od d " p h a ses, a n d  th e  com p lex
o u tp u t  co n ta in s b o th  p h a se  r e sp o n ses a s r ea l a n d  im a gin a r y  p a r t s. Th e
secon d  st a ge  o f th e  m od e l is a  r ect ify in g a n d  "d em od u la t in g" n on lin ea r ity .
Rega r d in g even  a n d  o d d  filt e r  r e sp o n ses a s r ea l a n d  im a gin a r y  p a r t s o f a
co m p lex n u m b er , we  co m p u te  e it h e r  t h e  m a gn itu d e  o f t h is n u m b er  o r  t h e
m a gn itu d e  sq u a r ed . Th ese  co r r esp on d  to  "m a gn itu d e" a n d  "en er gy"
m ea su r e s, r e sp ect ive ly , a n d  b o t h  r em o ve  t h e  p h a se -d ep en d en ce  o f t h e
filt e r  r e sp o n se  3 , 7 . Su ch  o p er a t io n s h a ve  b een  wid e ly  co n jectu r ed  to  o ccu r
a t  t h is st a ge  in  t h e  m o t io n  p a th wa y , a n d  t h ey  co r r e sp o n d  r o u gh ly  with  t h e
b eh a vio r  o f m a n y  co m p lex ce lls  in  p r im a t e  v isu a l co r t ex 4 , 25 . Th e  ou tp u t  o f
t h is st a ge  is  a  p a ir  o f im a ge  seq u en ces fo r  u p  a n d  d o wn , r e sp ect ive ly .

Th e  n ext  st a ge  su b t r a ct s t h e  r e sp o n ses fo r  t h e  t wo  o p p o sit e
d ir ect io n s. Wh en  th e  sq u a r ed  m a gn itu d e  (en e r gy )  is u sed , t h is co r r e sp o n d s
to  t h e  fin a l o p p o n en t  st a ge  in  t h e  m o d e ls o f va n  Sa n ten  a n d  Sp e r lin g6 a n d
Ad e lso n  a n d  Be r ge n  3. Th e  o u tp u t  is n o w a  sin gle  im a ge  seq u en ce .

At  t h e  n ext  st a ge , t h e  o p p o n en t  sign a l is  p o o led  sp a t ia lly  o ve r  a
Ga u ssia n  sh a p ed  a r ea . Th e  r a d iu s o f t h is Ga u ssia n  is t h e  p a r a m ete r  o f t h e
m o d e l t h a t  co n t r o ls t h e  a m o u n t  o f seco n d -st a ge  p o o lin g. Sin ce  we  a ssu m e
th a t  a n  a r r a y  o f p o o lin g u n it s co ve r  t h e  st im u lu s, t h is p o o lin g is
im p lem en ted  a s a  co n vo lu t io n  with  a  Ga u ssia n . Th e  o u tp u t  is a ga in  a n
im a ge  seq u en ce ; it  is , in  fa ct , a  Ga u ssia n  b lu r r ed  ve r sio n  o f t h e  o u tp u t  a t
t h e  p r evio u s st a ge . It  is  co n ven ien t  t o  exp r e ss t h e  r a d iu s o f t h e  p o o lin g
Ga u ssia n  in  u n it s  o f t h e  r a d iu s o f t h e  fir st -o r d e r  lin ea r  r e cep t ive  fie ld . We
ca ll t h ese  "r ecep t ive  fie ld  u n it s" ( r fu ) .

At  t h e  fin a l s t a ge  we  a ssu m e  a  s im p le  t e m p la t e -m a t ch in g d e t e ct io n
p r o cess. Ou r  t em p la t e  is a  sp a t ia l sin u so id  o f t h e  m o d u la t io n  fr eq u en cy ,
a p p r o xim a te ly  eq u a l t o  t h e  sp a t ia l m o d u la to r , m u lt ip lied  b y  a  t em p o r a l
Ga u ssia n  eq u a l t o  t h e  st im u lu s t im e  win d o w. Th is t em p la t e  m u lt ip lie s t h e
o p p o n en t  o u tp u t  a n d  th e  r e su lt  is in t egr a t ed  o ve r  sp a ce  a n d  t im e .
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Con sid er in g th e  in tegr a l op er a t ion s in vo lved  in  p oo lin g a n d  m a tch in g,
it  is  ev id en t  t h a t  b y  ch a n gin g t h e  o r d e r  o f in t egr a t io n  we  ca n , a s a  m a t t e r
o f im p lem en ta t io n  o n ly , m o ve  t h e  m u lt ip lica t io n  b y  t h e  t im e  win d o w a n d
t im e  in t egr a t io n  b e fo r e  t h e  sp a t ia l p o o lin g a n d  m a tch in g, y ie ld in g gr ea t
com p u ta t ion a l sa vin gs.

Mu lt ip ly in g b y  t h e  t im e  win d o w a n d  in t egr a t in g t h e  o p p o n en t  sign a l
o ve r  t im e  y ie ld s a  sin gle  im a ge  like  t h a t  in  Fig. 1 1 A, in  wh ich  p o sit ive
va lu es in d ica t e  u p wa r d  lo ca l m o t io n  a n d  n ega t ive  (d a r k )  va lu es,
d o wn wa r d . Th e  r e su lt  o f t h e  sp a t ia l p o o lin g o p e r a t io n  (with  a  Ga u ssia n
r a d iu s o f 3 .8 4  r fu )  is  sh o wn  in  Fig 1 1 B.

A                                                             B

  

Figu r e  1 1 . Ou tp u t  o f th e  m od e l a ft e r  t em p or a l m a tch in g a n d  in t egr a t ion .
A)  b e fo r e  sp a t ia l p o o lin g, B)  a ft e r  sp a t ia l p o o lin g with  r a d iu s=
3 .8 4  r fu . Th e  in p u t  wa s f c  = 1 6  cy cles/ im a ge , f m  =  2
cy cle s/ im a ge , m =1 . Im a ge  is  1 5 .3  r fu  wid e .

Sin ce  t h e  sp a t ia l t em p la t e  is  o n e -d im en sio n a l, sp a t ia l m a t ch in g is
im p lem en t ed  b y  fir st  in t egr a t in g t h e  im a ge  (eg Fig. 1 1 B)  o ve r  x   a n d  th en
m a tch in g th e  1 D t em p la t e . Figu r e  1 2  sh o ws a n  exa m p le  1 D o u tp u t s a ft e r
p o o lin g with  r a d ii o f 0 .2 4  r fu  (e ssen t ia lly  n o  p o o lin g)  a n d  3 .8 4  r fu .
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Figu r e  1 2 Op p on en t  r e sp on se  (Fig. 1 1 A) in t egr a t ed  over  h o r izon ta l
p o sit io n  a ft e r  p o o lin g b y  a  Ga u ssia n  with  a  r a d iu s o f 0 .2 4  r fu
( lin e)  a n d  3 .8 4  r fu  (d o t s) .

Th e  1 D p oo led  op p on en t  r e sp on se  (Fig 1 2 )  is t h en  m u lt ip lied  b y  th e
1 D t em p la t e  a n d  in t egr a t ed . Th is q u a n t it y  is co m p u ted  fo r  b o th  a  n u ll
st im u lu s, in  wh ich  m =0 , a n d  th e  sign a l st im u lu s, in  wh ich  m =0 .4 5 . Test s
co n fir m ed  th a t  t h e  e ssen t ia ls o f m o d e l p e r fo r m a n ce  d o  n o t  d ep en d  m u ch
u p o n  th e  p a r t icu la r  va lu e  o f m o t io n -co n t r a st  u sed . Th e  r e sp o n ses t o  n u ll
a n d  sign a l we r e  su b t r a ct e d , a n d  t h is  q u a n t it y  wa s a ssu m e d  t o  b e
p r o p o r t io n a l t o  sen sit iv it y . Sin ce  we  a r e  n o t  a t t em p t in g t o  p r ed ict  a b so lu t e
se n sit iv it y , in it ia lly  we  n o r m a lize d  t h e  r e su lt s  a t  f m  =0  fo r  a ll p oo lin g r a d ii.
Alth o u gh  t h e  sim u la t io n s wer e  co m p u ted  fo r  o n e  p a r t icu la r  ca r r ie r
fr e q u e n cy , we  p lo t  t h e  r e su lt s  wit h  r e sp e ct  t o  f m  / f c  , in  ke e p in g wit h  t h e
p r evio u s o b se r va t io n s r ega r d in g sca le -in va r ia n ce . Mo d e l p r ed ict io n s a r e
sh o wn  in  Fig. 1 3 . As in  t h e  p r ev io u s figu r e s, r e su lt s  fo r  f m  =0  a r e  p lo t t ed  a t
-1 .8 . Co m p a r a b le  sim u la t io n s fo r  t h e  m a gn itu d e  m o d e l a n d  fo r  sh ea r
s t im u li we r e  ve r y  s im ila r .
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Figu r e  1 3 . Mod el p r ed ict ion s fo r  p oo lin g r a d ii o f 0 .2 4 , 0 .4 8 , 0 .9 6 , 1 .9 2 ,
3 .8 4  r fu  ( fr o m  to p  to  b o t to m ). Th ese  a r e  en e r gy  p r ed ict io n s fo r
a  com p r ession  st im u lu s.

At  t h is p o in t  t h e  m o d e l co n t a in s o n ly  p o sit ive  va lu es in  t h e  p o o lin g
r ecep t ive  fie ld , h en ce  it  p r o d u ces a  st r ict ly  lo wp a ss m o t io n -co n t r a st
sen sit iv it y  fu n ct io n . We  d o  n o t  t h e r e fo r e  a t t em p t  t o  sim u la t e  t h e  h u m a n
p er fo r m a n ce  b e lo w lo g( f m  / f c  )=-0 .9 , a n d  we  se lect  t h e  u p p e r  p o r t io n  o f
ea ch  cu r ve  in  Fig. 1 3  a n d  sh ift  it  ve r t ica lly  t o  m a t ch  h u m a n  sen sit iv it y  a t
t h is fr eq u en cy , a s sh o wn  in  Fig 1 4 .

Figu r e  1 4 . Aver a ge  d a t a  co m p a r ed  to  m o d e l p r ed ict io n s fo r  p o o lin g r a d ii
o f 0 .2 4 , 0 .4 8 , 0 .9 6 , 1 .9 2  a n d  3 .8 4  r fu .
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Th e  d a t a  a r e  co n sist en t  o n ly  with  t h e  sm a lle st  p o o lin g r a d ii, o f o n e
h a lf t o  o n e  q u a r t e r  t h e  r a d iu s o f t h e  lin ea r  r ecep t ive  fie ld . Th e  cu r ve  a t
0 .2 4  r fu  is  e ssen t ia lly  t h a t  o b t a in ed  wit h  n o  seco n d -o r d e r  p o o lin g. We
co n clu d e  th a t  t h e  d a t a  sh o w n o  evid en ce  fo r  a n y  sign ifica n t  seco n d  o r d e r
p oolin g.

Sq u are -W av e  Ex p e r im e n t s

Mo t io n  b o r d e r s fr eq u en t ly  o ccu r  in  t h e  n a tu r a l wo r ld  a s a  r e su lt  o f
occlu sion  o r  d is-occlu sion  o f on e  su r fa ce  m ovin g in  fr on t  o f a n o th er . Th e
b o r d e r s a r e  ch a r a ct e r ized  b y  a  r e la t ive ly  sh a r p  d isco n t in u it y , r a t h e r  t h a n
t h e  sin u so id a l gr a d ien t  we  h a ve  u sed  h e r e . To  d e t e r m in e  t h e  gen e r a lit y  o f
o u r  r e su lt s, a n d  t o  a sce r t a in  wh e th e r  sh a r p  m o t io n  b o r d e r s a r e  d e t ect ed
wit h  sp ecia l sen sit iv it y , we  r ep ea t ed  o u r  co m p r essio n  co n d it io n  a t  a  ca r r ie r
o f 8  cy cle s/ d e g wit h  sq u a r e , r a t h e r  t h a n  sin e  wa ve  m o d u la t o r s. Re su lt s  a r e
sh o wn  in  Fig. 1 5 , a lo n g wit h  d a t a  sh o wn  p r ev io u sly  fo r  sin e  wa ves.
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Figu r e  1 5 . Mo t io n -co n t r a s t  se n sit iv it y  fo r  sq u a r e -wa ve  a n d  s in e -wa ve
m od u la to r s.

It  is  e v id e n t  t h a t  t h e  se n sit iv it y  fo r  sq u a r e  wa ve s is  h igh e r , b u t  n o t
m a r ked ly  so . Bo r r o win g a n  id ea  fr o m  sen sit iv it y  t o  lu m in a n ce  p a t t e r n s, we
m a y  a sk  wh e t h e r  in  fa ct  t h is  s ligh t  im p r o ve m e n t  in  se n sit iv it y  is
co n sist en t  wit h  a  lin ea r  a n a ly sis o f m o d u la t io n  sen sit iv it y . Th is wo u ld
su gge st  t h a t  t h e  sq u a r e  wa ve  sh o u ld  b e  a b o u t  4 / π  (~0 .1  log u n it )  gr ea ter ,
sin ce  t h a t  is t h e  a m p lit u d e  o f it s fu n d a m en ta l co m p o n en t  26 , a n d  th is is
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ve r y  clo se  t o  t h e  a ct u a l d iffe r e n ce . Th is is  co n sist e n t  wit h  t h e  v ie w t h a t
sh a r p  m o t io n  b o r d e r s h a ve  n o  sp ecia l st a tu s, a n d  th a t  o u r  sin u so id a l d a t a
ca p t u r e  t h e  p r o p e r t ie s o f wh a t e ve r  m e ch a n ism s d e t e ct  t h e se  sq u a r e
w a v e s .

M ov in g an d  stat ion ary  m od u lato rs

An o th e r  fea tu r e  o f n a tu r a l m o t io n  b o r d e r s, in  co n t r a st  t o  o u r
st im u lu s, is  t h a t  t h e  b o r d e r  o ft en  m o ves wit h  it s  a sso cia t ed  o b ject . In  o u r
co n t ext , t h is m ea n s t h a t  t h e  m o d u la to r  sh o u ld  m o ve  with  o n e  o f t h e  ca r r ie r
n o ise  fie ld s. To  t e st  wh e t h e r  m o vin g m o d u la t o r s we r e  se e n  wit h
h e igh t e n e d  se n sit iv it y  we  r e p e a t e d  so m e  o f o u r  m e a su r e m e n t s wit h  a
sq u a r e -wa ve  m o d u la t o r  wh ich  m o ve d  a t  t h e  sa m e  ve lo cit y  a s  o n e  o f t h e
n o ise  fie ld s. Th e  d a t a  a r e  sh o wn  in  Fig. 1 6 . Ra th e r  t h a n  en h a n cin g
se n sit iv it y , m o vin g t h e  m o d u la t o r  r e d u ce s se n sit iv it y  su b st a n t ia lly  a t  a ll
b u t  t h e  lo west  fr eq u en cie s. Th is is  co n sist en t  wit h  t h e  id ea  o f a  m o t io n
ed ge  d e t ect o r  wh ich  is  st a t io n a r y  o n  t h e  v isu a l fie ld  (a s in  t h e  m o d e l
d escr ib ed  b e lo w) , b u t  is  in co n sist en t  with  a  m ech a n ism  tu n ed  t o  t h e
n a tu r a l co r r esp on d en ce  o f ve locit ie s o f ca r r ie r  a n d  m od u la to r .

1.00.50.0-0.5-1.0
0.2

0.4

0.6

0.8

1.0

1.2

fm  (log cycles/deg)

Lo
g 

Se
ns

it
iv

it
y

stationary

moving

mpe

Figu r e  1 6 . Mo t io n -co n t r a st  se n sit iv it y  fo r  m o vin g a n d  st a t io n a r y  sq u a r e -
wa ve  m o d u la t o r s .
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In h ib ito ry  Po o lin g

Th e  a ve r a ge  d a t a  in  Figs. 9  a n d  1 4  sh o w clea r  ev id en ce  o f a  d eclin e
in  sen sit iv it y  a t  lo w m o d u la t io n  fr eq u en cie s. Su ch  a  d eclin e  is co n sist en t
with  in h ib ito r y  p o o lin g, a s o ccu r s in  t h e  o p p o n en t  su r r o u n d  o f a  cen te r -
su r r o u n d  lu m in a n ce  r ecep t ive  fie ld . Th is so r t  o f h igh e r  o r d e r  m o t io n
m ech a n ism , with  th e  cen te r  t u n ed  to  on e  d ir ect ion  a n d  a n  op p on en t
su r r o u n d  tu n ed  to  t h e  o p p o sit e  d ir ect io n , wo u ld  b e  u se fu l in  d e t ect in g
m o t io n  d isco n t in u it ie s sin ce  it  wo u ld  n o t  r e sp o n d  we ll t o  u n ifo r m
t r a n sla t io n . Su ch  u n it s a r e  a lso  fo u n d  in  t h e  v isu a l m o t io n  a r ea s o f
p igeon s27   a n d  p r im a t e s28, 29  , a r e  u sed  in  so m e  r ecen t  a lgo r it h m s fo r
e st im a t io n  o f t h r ee -d im en sio n a l m o t io n  e st im a t io n  30 , a n d  h a ve  b een
con jectu r ed  in  m od els o f h u m a n  3 D m ot ion  p er cep t ion  31 .

Ou r  m od e l is ea sily  m od ified  to  in clu d e  in h ib ito r y  p oo lin g. Fo r  th e
p o o lin g Ga u ssia n , we  su b st it u t e  a  d iffe r en ce -o f-Ga u ssia n s. Keep in g t h e
ce n t e r  Ga u ssia n  fixe d  a t  it s  sm a lle st  va lu e  (0 .2 4  r fu ) , we  va r ie d  t h e  wid t h
a n d  a m p lit u d e  o f t h e  in h ib it o r y  Ga u ssia n . Th e  r e su lt s o f t h e  b est  fit t in g
p a r a m e t e r s a r e  sh o wn  in  Fig. 1 7 , a lo n g wit h  t h e  p r ed ict io n s t h a t  r e su lt
wh en  n o  in h ib it io n  is em p lo y ed  (d a sh ed  lin e ) .

Figu r e  1 7 . Mod e l p r ed ict ion s fo r  a n  in h ib ito r y  su r r ou n d  in  th e  secon d
o r d er  p o o lin g m ech a n ism . Th e  d a sh ed  lin e  sh o ws sim u la t io n s
with ou t  in h ib it ion .
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Th e  p r e d ict io n s h a ve  b e e n  sh ift e d  ve r t ica lly  t o  a gr e e  wit h  t h e  d a t a  a t
log( f m / f c )=-0 .9 . Alo n g with  t h e  p r ed ict io n s, we  h a ve  a ga in  r ep r o d u ced  t h e
a ve r a ge  d a t a  fo r  f c =4  a n d  8  cy cles/ d eg. Th e  b est  p r ed ict io n  is fo r  a n
in h ib ito r y  r a d iu s o f 7 .7  r fu  a n d  a n  in h ib ito r y  a m p litu d e  o f 0 .8 . Th is
a m p lit u d e  co r r e sp o n d s t o  t h e  r a t io  o f vo lu m es o f t h e  excit a to r y  a n d
in h ib it o r y  Ga u ssia n s. Figu r e  1 8  p r o vid es a  p ictu r e  o f t h e  r e la t ive  size  a n d
sh a p e  o f t h e  fir st -o r d e r  lin ea r  r ecep t ive  fie ld  a n d  t h e  seco n d  o r d e r  p o o lin g
u n it . No t e  t h a t  t h e  cen t e r  o f t h e  la t t e r  is  e ssen t ia lly  a n  im p u lse , so  t h a t
t h e r e  is  in  e ffe ct  o n ly  in h ib it o r y  p o o lin g a t  t h e  seco n d  st a ge . In  t h e
fo llo win g sect io n  we  d iscu ss a  p o ssib le  p h y sio lo gica l b a sis fo r  t h is
in h ib ito r y  p oo lin g.

Figu r e  1 8 . Co m p a r a t ive  wid t h s o f fir st -o r d e r  lin e a r  r e ce p t ive  fie ld  a n d
in h ib it o r y  seco n d -o r d e r  su r r o u n d . Cu r ve  h e igh t s a r e  a r b it r a r y .
Hor izon ta l sca le  is in  "r ecep t ive  fie ld  u n it s" ( r fu ) .

Discu ss io n

Th e  p u r p o se  o f t h e se  e xp e r im e n t s  wa s t o  e st im a t e  b a sic  se n sit iv it y  t o
m o t io n  gr a d ien t s, a n d  t o  eva lu a t e  t h e  evid en ce  fo r  seco n d -o r d e r
in t egr a t io n  a n d  d iffe r en t ia t io n  o f m o t io n  sign a ls. On  th e  fir st  q u est io n , we
fo u n d  t h a t  p ea k  sen sit iv it y  wa s a r o u n d  0 .7 5  lo g u n it s (a  t h r e sh o ld
m od u la t ion  a m p litu d e  o f a b ou t  1 8 %), fo r  a  lu m in a n ce  con t r a st  o f e igh t
t im es t h r e sh o ld . Th e  sh a p e  o f t h e  m o t io n -co n t r a st  sen sit iv it y  fu n ct io n  is
a p p r o xim a te ly  co n st a n t  wh en  p lo t t ed  a ga in st  t h e  r a t io  o f m o d u la to r
fr eq u en cy  a n d  ca r r ie r  fr eq u en cy , in d ica t in g t h a t  t h e  m ech a n ism s in vo lved
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a r e  sca le -in va r ia n t . Ou r  m o d e l d isp la y s t h is  so r t  o f sca le -in va r ia n ce  fo r  t wo
r ea so n s: 1 )  t h e  h igh  fr eq u en cy  d eclin e  sca le s b eca u se  it  is  d u e  t o  t h e  fir st -
o r d e r  filt e r s  wh ich  t h e m se lve s sca le  wit h  t h e  ca r r ie r  fr e q u e n cy , a n d  2 )  t h e
lo w-fr eq u en cy  d eclin e  sca le s b eca u se  t h e  r a d iu s o f in h ib it o r y  p o o lin g is
a ssu m ed  t o  b e  a  co n st a n t  m u lt ip le  o f t h e  lin ea r  r ecep t ive  fie ld  r a d iu s.

On  th e  secon d  q u est ion , we  fin d  n o  evid en ce  in  ou r  d a t a  fo r
excit a to r y  sp a t ia l p o o lin g b ey o n d  t h e  leve l o f t h e  ea r ly  lin ea r  m o t io n
filt e r s. It  is  im p o r t a n t  t o  n o t e  t h a t  t h is d o es n o t  m ea n  t h a t  su ch  p o o lin g
d o es n o t  o ccu r , o n ly  th a t  it  d o es n o t  o ccu r  in  t h e  p a th wa y  u sed  in  t h is t a sk .
Ho weve r , t h is d o es cr ea t e  p r o b lem s fo r  t h eo r ie s o f t h e  m o t io n  sen se  wh ich
su p p o se  a  sin gle  se r ia l p a t h wa y  fr o m  V1  t o  MT a n d  b ey o n d , sin ce  n eu r o n s
in  MT a r e  ge n e r a lly  r e p o r t e d  t o  h a ve  e xcit a t o r y  r e ce p t ive  fie ld s p e r h a p s
t e n  t im e s t h e  d ia m e t e r  o f V1  r e ce p t ive  fie ld s fr o m  t h e  sa m e  v isu a l fie ld
loca t ion 32 .

An o t h e r  se t  o f e xp e r im e n t s t h a t  h a ve  a r gu e d  fo r  t h e  e xist e n ce  o f
sp a t ia l p o o lin g o f m o t io n  e st im a t e s a r e  t h o se  o f Willia m s a n d  Seku le r  33 .
Th ey  r ep o r t ed  th a t  o b se r ve r s p e r ce ived  “glo b a l co h er en t  m o t io n ” fr o m
fie ld s o f r a n d o m  d o t s wh o se  in d iv id u a l m o t io n s wer e  d e fin ed  st a t ist ica lly .
Th ey  a r gu ed  t h a t  t h is r eq u ir ed  in t egr a t io n  o ve r  sp a ce  o f m a n y  lo ca l
m o t io n s. In  a  m o r e  r ecen t  p a p e r , Wa t a m a n iu k  a n d  Seku le r 34  sh o w t h a t
su ch  in t egr a t io n  ca n  o ccu r  o ve r  a r ea s a s la r ge  a s 6 3  d eg2 . Ho we ve r , it  is
im p o r t a n t  t o  n o t e  t h a t  wh ile  o b se r ve r s m a y  r ep o r t  "co h e r en t  u n id ir ect io n a l
flo w", t h e r e  is n o  d ifficu lty  in  see in g in  su ch  st im u li a  p r o fu sio n  o f lo ca l
m o t io n s in  m a n y  d ir ect io n s. Fu r th e r m o r e , in  t h e  la t t e r  exp e r im en t s, t h e
t a sk  wa s t o  d iscr im in a t e  t h e  m ea n  d ir ect io n  o f t h e  r a n d o m  d o t s, n o t  t o
d e t ect  in co h e r en ce . Th u s wh ile  t h ey  m a y  h a ve  d em o n st r a t ed  a  m ech a n ism
th a t  p o o ls m o t io n  sign a ls o ve r  la r ge  a r ea s, it  is  clea r  t h a t  o th e r  m ech a n ism s
exist  wh ich  p r e se r ve  m o t io n  in fo r m a t io n  o n  fin e r  sca le s. Fu r th e r m o r e ,
sin ce  we  d o  n o t  kn o w t h e  e ffe ct ive  sca le  o r  sp a t ia l fr e q u e n cy  o f t h e ir
st im u lu s, t h e ir  r e su lt s  m a y  b e  d u e  t o  in t egr a t io n  wit h in  la r ge  fir st  o r d e r
lin e a r  r e ce p t ive  fie ld s.

We  fin d  lit t le  d iffe r en ce  b e t ween  sh ea r  a n d  co m p r essio n , p a r t icu la r ly
a t  t h e  h igh est  ca r r ie r  fr eq u en cy , wh ich  we  co n sid e r  o u r  "b est " d a t a . Th is is
co n sist en t  wit h  o u r  m o d e l in  wh ich  1 )  t h e  en ve lo p e  o f t h e  lin ea r  r ecep t ive
fie ld s is cir cu la r ly  sy m m et r ic, a n d  2 )  t h e  in h ib ito r y  p o o lin g Ga u ssia n  is
cir cu la r it y  sy m m e t r ic . In  t h is  se n se , it  su gge st s  a  ge n e r a l r a d ia l sy m m e t r y
o f t h e  m o t io n  m ech a n ism s a t  b o t h  fir st  a n d  seco n d  leve ls. It  is  a t  va r ia n ce
wit h  t h e  r e su lt s  o f Na ka y a m a  e t  al.20  wh o  fo u n d  co m p r essio n  to  b e  m o r e
visib le  t h a n  sh ea r , a n d  with  t h e  r e su lt s o f va n  Do o r n  a n d  Ko en d er in k 18 ,
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wh o  fo u n d  t h e  o p p o sit e . Th e r e  wer e , h o weve r , co n sid e r a b le  d iffe r en ces in
m e t h o d s a m o n g t h ese  t h r ee  exp e r im en t s.

We  d o , h o weve r , fin d  ev id en ce  fo r  in h ib ito ry  p oo lin g. Th is in t r igu in g
r esu lt  is su ggest ive  o f "m o t io n  ed ge  d e t ecto r s" o r  sp a t ia lly  o p p o n en t
m o t io n  r ecep t ive  fie ld s. We  h a ve  in co r p o r a t ed  t h em  in to  o u r  m o d e l b y
su p p o sin g a  seco n d  st a ge  r ecep t ive  fie ld  co n sist in g o f a n  excit a to r y  im p u lse
a n d  a  con cen t r ic in h ib ito r y  Ga u ssia n . We ca ll t h is a  DIG (Diffe r en ce  o f
Im p u lse  a n d  Ga u ssia n )  r e ce p t ive  fie ld . Th e se  in h ib it o r y  e ffe ct s  we r e  la r ge r
fo r  o n e  o b se r ve r  (MPE)  t h a n  t h e  o t h e r  ( see  Fig.s 6  a n d  7 ) , a n d  wer e  n o t
a lwa y s evid en t . We  h o p e  t o  exp lo r e  fu r t h e r  t h e  co n d it io n s t h a t  p r o m o te  o r
in h ib it  t h e se  e ffe ct s .

Th er e  is a n  in t r igu in g co r r esp o n d en ce  b e tween  o u r  in h ib ito r y  p o o lin g
a r ea s a n d  t h e  in h ib it o r y  su r r o u n d s d isco ve r ed  b y  Allm a n , Miezen  a n d
McGu in n ess28  in  t h e  o wl m o n key . Fo r  a b o u t  3 / 4  o f t h e ir  ce lls, m o t io n  in
th e  r ecep t ive  fie ld  su r r o u n d  wa s in h ib it o r y . Fo r  a b o u t  6 0 % o f t h ese  ce lls
t h e  in h ib it io n  wa s t u n ed  t o  t h e  p r e fe r r ed  d ir ect io n  o f t h e  ce ll, a s in  t h e
m o d e l p r o p o sed  h e r e . Th e  size  o f t h e  in h ib it o r y  r egio n  wa s e st im a ted  t o  b e
a b o u t  7  t o  1 0  t im es t h e  size  o f t h e  excit a t o r y  r ecep t ive  fie ld , e ssen t ia lly
t h e  sa m e  a s t h e  figu r e  o f a b o u t  7 .7  e st im a t ed  h e r e . Th e  m a xim u m
m a gn itu d e  o f su p p r essio n , a s d ed u ced  b y  ey e  fr o m  th e ir  figu r es 6 , 1 0 , a n d
1 4 , wa s a b o u t  8 0 %, a ga in  e ssen t ia lly  t h e  sa m e  a s t h e  in h ib it o r y  a m p lit u d e
o f 0 .8  e st im a t ed  h e r e . Ho weve r , a  b ig d iffe r en ce  b e t ween  o u r  m o d e l a n d
t h e se  p h y sio lo gica l r e su lt s  is  t h e  size  o f t h e  excit a t o r y  r ecep t ive  fie ld . We
e st im a t e  e xcit a t o r y  d ia m e t e r s  t h a t  a r e  se ve r a l wa ve le n gt h s o f t h e  ca r r ie r
fr eq u en cy  em p lo y ed , fo r  exa m p le  a b o u t  1 / 4  d egr ee  fo r  a  ca r r ie r  o f 8
cy cle s/ d eg. Allm a n  e t  al. in  co n t r a st  r ep o r t  excit a t o r y  d ia m e t e r s o f 5  d eg
a n d  la r ge r , r e flect in g a  d iscr ep a n cy  in  sca le  o f a  fa cto r  o f a b o u t  2 0  in  t h is
exa m p le . Th is d iscr ep a n cy  co u ld  b e  r e so lved  b y  a ssu m in g t h a t  Allm a n  e t
al. we r e  r e co r d in g fr o m  ve r y  la r ge  ( lo w fr e q u e n cy )  n e u r o n s, wh ile  we ,
th r ou gh  ou r  ch o ice  o f ca r r ie r , t a p  in to  m u ch  sm a lle r  (h igh er  fr eq u en cy )
ce lls .

A ck n o w le d gm e n t s . We  t h a n k  Alb e r t  Ah u m a d a , Je ffr e y  Mu lliga n , a n d
Ka th leen  Tu r a n o  fo r  t h e ir  a d vice  a n d  a ssist a n ce . Pr e lim in a r y  r ep o r t s o f t h is
wo r k  h a ve  b e e n  p r o v id e d  e lse wh e r e 35, 36 . Th is  wo r k  wa s su p p o r t e d  b y
NASA RTOPs 5 0 5 -6 4 -5 3  a n d  5 0 6 -7 1 -5 1 .
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